A LiNi 0.5 Mn 1.5 O 4 material for use as a 5 V spinel cathode for lithium-ion batteries was synthesized for the first time using a hydrothermal approach. The effects of the LiOH concentration and hydrothermal temperature on the hydrothermal products were investigated systematically, where the LiOH concentration ͑e.g., 1.1 M͒ was proven critical to successfully synthesize the 5 V spinel. At low LiOH concentrations ͑e.g., 0.8-1.0 M͒, the obtained products may be MnOOH, ␣-MnO 2 , and 4 V spinel, while high concentrations ͑e.g., Ͼ1.8 M͒ favor the Li 2 MnO 3 phase. The particle size of the as-prepared 5 V spinel is ca. 30 nm, and its formation is associated with the dissolution-recrystallization mechanism from an amorphous precursor. Cell tests show that the as-prepared LiNi 0. However, poor capacity retention, especially at elevated temperature, impedes the application of the spinel material. Jahn-Teller distortion of MnO 6 octahedron due to Mn 3+ is one of the main reasons for this capacity degeneration. In order to minimize this effect, divalent or trivalent metal cations, such as Mg 2+ , Al 3+ , Ni 2+ , and Co 2+ , were introduced to partly substitute for Mn 3+ , however, at the expense of capacity. [4] [5] [6] The reducing capacity at the 4 V plateau was later found to be available upon charging to a higher cutoff voltage ͑ca. 5 V͒.
However, poor capacity retention, especially at elevated temperature, impedes the application of the spinel material. Jahn-Teller distortion of MnO 6 octahedron due to Mn 3+ is one of the main reasons for this capacity degeneration. In order to minimize this effect, divalent or trivalent metal cations, such as Mg 2+ , Al 3+ , Ni 2+ , and Co 2+ , were introduced to partly substitute for Mn 3+ , however, at the expense of capacity. [4] [5] [6] The reducing capacity at the 4 V plateau was later found to be available upon charging to a higher cutoff voltage ͑ca. 5 V͒. [7] [8] [9] Thereafter, the 5 V spinel LiM y Mn 2−y O 4 ͑M = Ni, Co, Fe, Cu, and Cr, etc.͒ has attracted a lot of interest and has been extensively investigated because high discharge plateau benefits to obtain high energy density or high power. [10] [11] [12] [13] [14] [15] The LiM y Mn 2−y O 4 materials take space groups of Fd3m and P4 3 32 for disordered and ordered distributions of Mn and M by quenching and slow cooling, respectively. 16, 17 When working at the 5 V plateau, LiM y Mn 2−y O 4 has a fixed valence state of Mn as +4, accompanied by varying M valency, e.g., Ni 2+ /Ni 4+ and Co 3+ /Co 4+ upon charging and discharging. [18] [19] [20] Some LiM y Mn 2−y O 4 nanomaterials have been investigated in the past few years because their small particle sizes help to obtain high power. 17, [21] [22] [23] [24] [25] [26] [27] For example, Lee et al. 21 employed a carbonate process to prepare a nanocrystalline LiNi 0.5 Mn 1.5 O 4 whose primary size is ca. 50-100 nm, aggregated to particles of 3-4 m. Lazarraga et al. 26 synthesized a nanosized LiNi 0.5 Mn 1.5 O 4 spinel by a sucroseaided combustion method, having an average size of ca. 22 nm as suggested by transmission electron microscopy. Shaju and Bruce 17 prepared a nano-LiNi 0.5 Mn 1.5 O 4 by a resorcinol-formaldehyde assisted solution method and obtained the ordered and disordered spinels at 700 and 750°C, respectively. The disordered spinel showed a very good rate capability, for example, at 3000 mA g −1 delivered 88% of a capacity obtained at 30 mA g −1 . Typically, the methods mentioned above to prepare LiNi 0.5 Mn 1.5 O 4 materials are related to solid-state reaction at high temperature. A hydrothermal approach has been employed to synthesize nanosized LiMnO 2 , LiMn 2 O 4 , and Li 2 MnO 3 materials, exhibiting excellent rate capability; [28] [29] [30] however, it has not been reported to prepare a 5 V spinel such as LiNi 0.5 Mn 1.5 O 4 . Therefore, we aim to employ the hydrothermal approach as an alternative method to synthesize a nanosized LiNi 0.5 Mn 1.5 O 4 material and investigate its electrochemical performance in lithium-ion batteries.
Experimental
All chemicals used in our experiments were of analytical grade and used as purchased without further purification from Sinopharm Chemical Reagent Co. Ltd., Shanghai, China.
The LiNi 0.5 Mn 1.5 O 4 spinel materials were prepared according to the following procedures. An appropriate amount of LiOH·H 2 O ͑ ജ 95%͒ was dissolved in 30 mL deionized water and then added dropwise into a Teflon-lined stainless steel autoclave containing 0.0075 mol MnSO 4 ·H 2 O ͑ ജ 99%͒, 0.0025 mol NiSO 4 ·6H 2 O ͑ ജ 98.5%͒, and 0.0075 mol ͑NH 4 ͒ 2 S 2 O 8 ͑20 mL solution in the 100 mL Teflon container͒. The autoclave was sealed and heated at 180°C for 48 h. The resulting precipitate was separated from the solvents by filtration and then washed with deionized water. The sample was obtained after drying at 120°C for 24 h. The samples were named as LMNO-1, LMNO-2, LMNO-3, LMNO-4, and LMNO-5 for the usage of 1.843, 2.253, 2.48, 2.662, and 3.686 g of LiOH·H 2 O, corresponding to the usage of LiOH by 0.9, 1.0, 1.1, 1.3, and 1.8 M ͑in 50 mL solution͒, respectively. Note here that it is an excess of the LiOH concentration assuming the target product to be LiNi 0.5 Mn 1.5 O 4 ; e.g., 0.1 M is an excess to 0.8 M LiOH for sample LMNO-1.
The structures of the as-prepared samples were examined by powder X-ray diffraction ͑XRD͒ analysis performed using an X'Pert PRO diffractometer with CuK␣ radiation ͑PANalytical, Holland͒. Scanning electron microscopy ͑SEM͒ studies were performed on an LEO1530 to identify the morphologies of the samples ͑Zeiss, USA͒. Thermogravimetric analysis ͑TGA͒ experiments were carried out by an STA 409 PC analyzer ͑Netzsch, Germany͒ at a heating rate of 10°C min −1 under Ar flow ͑25 mL min −1 ͒. The H contents of the samples were calculated by the mass loss of water between 120 and 400°C from TGA. The Mn, Ni, and Li contents were determined by inductive coupled plasma-atomic emission spectroscopy carried out on IRIS Intrepid II XSP ͑Thermo Electron, USA͒. The mean oxidation state of Mn was analyzed by a titration method using oxalate/KMnO 4 , assuming Ni as +2.
Electrode fabrication and coin cell assembly were carried out as described in our previous report. 29 In brief, the active material was mixed with 10 wt % acetylene black and 10 wt % binder ͓͑poly͑vinylidene fluoride͔͒ PVDF͒ and then ground by ball milling. The cathode was obtained by pressing the mixture onto a piece of aluminum foil and then dried in a vacuum oven at 120°C for 2 h. The coin cells were fabricated with the prepared cathode, lithium anode, Celgard 2400 polypropylene separator ͑Celgard, USA͒, and 1 M LPF 6 in an ethyl carbonate/dimethyl carbonate ͑1:1 v/v͒ electrolyte. A cell test was carried out at current densities of 20 or 200 mA g −1 between 4.95 and 2.0 V at 30°C using a BT-2043 battery test system ͑Arbin, USA͒. Cyclic voltammograms ͑CV͒ were recorded using a PGSTAT30 electrochemical workstation ͑AutoLab, Switzland͒.
Results and Discussion
The effect of LiOH concentration on the hydrothermal products.-The XRD patterns of samples LMNO-1, LMNO-2, LMNO-3, LMNO-4, and LMNO-5 are shown in Fig. 1 . It is clear that the hydrothermal product prepared at a low LiOH concentration ͑e.g., 0.9 M͒ mainly consists of ␣-MnO 2 and ␤-MnOOH ͑Feitknechtite͒ ͑Fig. 1a͒ and possesses nanowire and nanorod morphologies ͑Fig. 2a͒. As can be seen from the XRD patterns shown in Fig. 1 , ␣-MnO 2 disappeared when the LiOH concentration increased gradually to 1. Figures 1b-1e indicate that a further increase of the LiOH concentration to 1.8 M ͑LMNO-5͒ led to a structure change which was confirmed different from samples LMNO-2, LMNO-3, and LMNO-4 by their XRD patterns; sample LMNO-5 consists of the Li 2 MnO 3 material while the other three samples show the spinel structure. Generally, the most remarkable difference between the XRD patterns of Li 2 MnO 3 and a spinel lies in the diffraction intensities at 2 positions of 36.5 and 44.3°, where the spinel shows almost equal intensities while Li 2 MnO 3 exhibits stronger intensity at 44.3°.
It was observed that the XRD peak intensities of sample LMNO-2 were significantly enhanced compared with those of samples LMNO-3 and LMnO-4, which agrees well with their morphology observations. For example, sample LMNO-2 has an average particle size of ca. 250 nm, while the average particle sizes of samples LMNO-3 and LMNO-4 are ca. 30 nm. This change of the particle size was expected to be LiOH concentration dependent in the hydrothermal growth process of crystals because higher alkaline concentration facilitates dissolution of manganese oxide and thus resulted in smaller particle sizes according to the dissolutionrecrystallization mechanism. In order to confirm this phenomenon, an extra experiment with the LiOH concentration ͑1.05 M͒ was employed for the synthesis. The result indicated that the obtained sample has an average size of ca. 60 nm ͑Fig. 2c͒, which falls between the values of samples LMNO-2 and LMNO-3 being 250 and 30 nm, respectively. However, a further increase in the LiOH concentration higher than 1.1 M did not result in a decrease in the particle size due to the balance between crystal dissolution and recrystallization.
The effect of reaction temperature on the hydrothermal products.-In our previous studies on the hydrothermal synthesis of Li 2 MnO 3 -LiMnO 2 composites at 120-180°C, 29 we concluded that the appropriate high temperature facilitated the formation of LiMnO 2 and Li 2 MnO 3 materials. Here, we attempted to increase the reaction temperature to higher than 180°C in order to investigate the effect of temperature on the hydrothermal products at various LiOH concentrations. The XRD patterns and SEM images of the samples synthesized at 220°C with various LiOH concentrations are shown in Figs. 3 and 4 , respectively. The product synthesized with 0.9 M LiOH at 220°C, similar to that obtained at 180°C, consists of ␣-MnO 2 and ␤-MnOOH ͑Feitknechtite͒ ͑Fig. 3a͒ with nanowires, nanorods, and some big particles observed in the SEM images ͑Fig. 4a͒. At an intermediate LiOH concentration ͑1.0-1.1 M LiOH͒, the product was confirmed as spinel phase composed with nanoparticles, while at a high LiOH concentration ͑1.8 M LiOH͒ only nanosized Li 2 MnO 3 particles were obtained. A remarkable difference between the products obtained at 180 and 220°C using 1.0 M LiOH was observed; some nanowires and nanorods appeared in the sample prepared under 180°C, which, however, were not found in the sample prepared under 220°C. Shown in Fig. 5 are the XRD patterns of the samples prepared at 250°C with various LiOH concentrations. The results show that the 
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Journal of The Electrochemical Society, 158 ͑2͒ A139-A145 ͑2011͒ A140 hydrothermal products obtained at 250°C are markedly different from those at 180 and 220°C. The product prepared with 0.9 M LiOH at 250°C mainly consists of ␣-MnOOH ͑Groutite͒ and ␣-MnO 2 rather than ␤-MnOOH and ␣-MnO 2 . A possible existence of a small amount of ␤-MnOOH at 250°C, as marked by an arrow in Fig. 5a , could not be excluded. The morphology of the sample obtained at 250°C with 0.9 M LiOH ͑Fig. 6͒ was found to possess bigger particles with smooth surface compared to those of samples prepared at 180 and 220°C. From Fig. 5c , it is clear that a small amount of ␣-MnOOH still exists when the concentration of LiOH increased to 1.0 M. However, the morphology of ␣-MnOOH ͑pos-sibly nanorods and nanowires as shown in Fig. 6a͒ was not observed in the sample prepared at 1.0 M LiOH ͑Fig. 6c͒. Therefore, an extra experiment with 0.95 M LiOH was carried out in order to observe a transition state between nanorod ͑or nanowire͒ and nanoparticle. The result shows that the sample prepared at 0.95 M LiOH presents an XRD pattern similar to that obtained at 0.9 M LiOH ͑Fig. 5b͒. However, some very small particles are attached to the big rodlike or spherelike particles in the case of 0.95 M LiOH ͑Fig. 6b͒. In the case of 1.1 M LiOH, the product prepared at 250°C consists of a spinel phase ͑Fig. 5d͒, similar to those synthesized at 180 and 220°C ͑Figs. 1c and 3c͒. However, the former condition tended to result in the formation of a uniform, well-defined crystal shape ͑Fig. 6c͒. When the employed LiOH reached 1.3 M, the resulted sample comes to nanosized Li 2 MnO 3 in advance ͑Figs. 5e and 6d͒, compared to the cases at 180 and 220°C, where the samples obtained at 1.3 and 1.8 M LiOH are spinel and Li 2 MnO 3 , respectively ͑Figs. 1e and 3e͒.
Distinguishment of 4 and 5 V spinels.-From the above discussions, we can distinguish MnOOH, MnO 2 , Li 2 MnO 3 , and spinel phases in our samples using XRD and SEM techniques. However, it seems very difficult to identify 4 and 5 V spinels due to their almost complete overlapping in their XRD patterns. Therefore, in order to obtain suitable reaction conditions for the 5 V spinel, an electrochemical technique such as CV was employed for the identification because the 4 V spinel ͑such as LiMn 2 O 4 and oxygen-deficiency component of LiNi 0.5 Mn 1.5 O 4−␦ ͒ and the 5 V spinel ͑LiNi 0.5 Mn 1.5 O 4 ͒ present redox peaks at 4.0 and 4.7 V, respectively. 30, 31 As shown in Fig. 7 , the current density is very low for the LMNO-1 electrode during the initial anodic sweeping, which agrees well with its lithium-poor components ͑i.e., ␣-MnO 2 and ␤-MnOOH͒. For sample LMNO-2, two pairs of redox peaks at ca. 4.0 and 4.6 V were observed, indicating the coexistence of 4 and 5 V spinel phases. Compared to the 5 V spinel component, the 4 V spinel can be almost neglected in the case of 1.1 M LiOH ͑sample LMNO-3, Fig. 7c͒ . When the LiOH concentration increased to 1.3 M, the product presents the 4 V spinel again, accompanied by an appearance of the Li 2 MnO 3 phase, which can be confirmed by comparison of CV curves between sample LMNO-4 and sample LMNO-5. Sample LMNO-5 exhibited a typical CV response of the Li 2 MnO 3 phase without sharp peaks appeared, which is in good accord with the unmarked plateaus on the discharge curves, as reported previously. 29, 32 The existence of a Li 2 MnO 3 rocksalt phase in sample LMNO-4 was also confirmed by the XRD pattern ͑Fig. 1d͒, where the diffraction intensities at 2 positions of 36.5°is slightly weaker than that at 44.3°.
In summary, we can conclude that 1.1 M LiOH is a suitable alkaline concentration to prepare the 5 V spinel material. The LiOH concentrations lower and higher than 1.1 M may lead to the formation of MnOOH, 4 V spinel, and/or Li 2 MnO 3 phases. Note here that because the preparation of the 5 V spinel is very sensitive to the LiOH concentration, it is encouraged to try to employ concentrations near 1.1 M LiOH when reproducing our results. In addition, considering no significant difference among 180-250°C for the preparation of the 5 V spinel in the presence of 1.1 M LiOH, we decided to choose 180°C as the reaction temperature for the subsequent investigation, for the sake of convenience and safety.
The effect of reaction time on the hydrothermal products.-Here, we used XRD and SEM techniques to investigate the hydrothermal growth mechanism of the 5 V spinel LiNi 0.5 Mn 1.5 O 4 ͑sample LMNO-3͒ in 1.1 M LiOH at 180°C. And the XRD patterns and SEM images of the hydrothermal products obtained at various reaction times are shown in Figs. 8 and 9 , respectively. The XRD patterns in Fig. 8 show that the precursor is amorphous manganese oxide before the hydrothermal treatment, which is consistent with our previous results 29, 32 . After 2 h of hydrothermal treatment at 180°C, some XRD peaks ͑e.g., at 12.3 and 18.6°͒ appeared, indicating a transformation of the amorphous product into ␦-MnO 2 and spinel phases. The existence of ␦-MnO 2 can be confirmed by the petallike surface on its particles ͑Fig. 9b͒. The extension of the reaction time from 2 to 24 h was found to result in the gradual disappearance of ␦-MnO 2 and development of the spinel phase as indicated by the variation of the two peaks at 12.3 and 18.6°͑Figs. 8b-8e͒. The phase transformation from ␦-MnO 2 to spinel was also accompanied by the disappearance of big particles with petallike surface and appearance of nanosized particles ͑Figs. 9b-9e͒. This is in good agreement with the dissolution-recrystallization mechanism as discussed before. 29, 32 A further increase in the reaction time did not increase the phase purity but led to a better crystal shape; e.g., at 336 h some well-defined particles could be observed ͑Fig. 9f͒.
The composition of the hydrothermal products.- Table I shows the composition of the hydrothermal products synthesized at 180°C, where the H contents in these samples were calculated based on the mass loss between 120 and 400°C from TGA ͑Fig. 10͒, which may exist in these samples as the forms of H-substituted phases, 29, 32 hydroxides, and/or crystal water. Sample LMNO-1 had a low Li content but a high H content because the main components were ␣-MnO 2 and ␤-MnOOH. The result agrees well with the low current density during the initial anodic CV sweeping ͑Fig. 7a͒. The Li content in sample LMNO-5 is higher than the other samples, which was ascribed to the higher Li content in Li 2 MnO 3 than in LiMn 2 O 4 . Assuming Ni ions in the samples as +2, we can obtain the mean Mn oxidation by titration and the result is shown in Table I The electrochemical performance of the as-prepared hydrothermal samples.- Figure 11a shows the charge/discharge curves of sample LMNO-1 synthesized with 0.9 M LiOH at 180°C. Upon the initial charging to 4.95 V, the capacity is ca. 29 mAh g −1 , which is consistent with its very low Li content ͑Table I͒. The subsequent discharge process indicates that it delivered ca. 79 mAh g −1 , which mainly originated from ␣-MnO 2 . For sample LMNO-2, a discharge plateau at ca. 4.6 V was observed, which was followed by another plateau at ca. 4.0 V ͑Fig. 11b͒. The discharge capacity was ca. 72 mAh g −1 , where, however, the contribution from the 5 V spinel was only 40 mAh g −1 ͑above 4.3 V͒. By contrast, sample LMNO-3 delivered ca. 96 mAh g −1 at a current density of 140 mA g −1 and ca. 60 mAh g −1 above 4.3 V ͑Fig. 11c͒. Sample LMNO-4 exhibits a lower capacity above 4.3 V ͑Fig. 11d͒, which was probably ascribed to the existence of the Li 2 MnO 3 phase. We attempted to discharge it till a lower cutoff voltage of 2.0 V because Li 2 MnO 3 can obtain high capacity until that cutoff voltage. 32 It was observed that it delivered ca. 183 mAh g −1 but decayed quickly, e.g., only remaining ca. 115 mAh g −1 after ten Figure 9 . SEM images of the samples synthesized in 1.1 M LiOH at 180°C for various hydrothermal reaction times: ͑a͒ 0, ͑b͒ 2, ͑c͒ 6, ͑d͒ 12, ͑e͒ 24, and ͑f͒ 336 h. cycles. Although we cannot distinguish how many capacities originated from the Li 2 MnO 3 phase, we can still reach the conclusion that the value would not be high because the charge/discharge curves exhibit the characteristics of a typical spinel. By contrast, at 1.8 M LiOH the obtained sample LMNO-5 exhibits typical charge/ discharge plots of the Li 2 MnO 3 phases ͑Fig. 11e͒, i.e., with high capacity ͑219 mAh g −1 ͒ and without marked discharge plateau until the cutoff voltage of 2.0 V. 29, 32 Rate capability of the hydrothermally synthesized 5 V spinel.-Because sample LMNO-3 exhibits an average particle size of ca. 30 nm ͑Fig. 2͒, it is expected to possess a good rate capability as a cathode for lithium-ion batteries. In fact, the charge/discharge performance of sample LMNO-3 at various current densities shows that the 5 V spinel material delivered ca. 100, 91, 74, and 73 mAh g −1 at current densities of 28, 140, 1400, and 2800 mA g −1 , respectively ͑Fig. 12͒. Defining 1C capacity as the value obtained at a low current density, we obtained 73% capacity at the 28C rate, which indicates an excellent rate capability of sample LMNO-3. The rate capability of such a nanosized 5 V spinel is better than those of a submicro LiNi 0.5 Mn 1.5 O 4 31,33 and is comparable with that of nanosized LiNi 0.5 Mn 1.5 O 4 prepared by solid-state reaction. 17 For ex- at 700 and 750°C, respectively, and when they discharged at 3000 mA g −1 , they showed 63 and 88% of the capacities obtained at 135 mA g −1 , respectively. The good capability of our 5 V spinel is associated with its small particle size of ca. 30 nm. By integrating the discharging curve of sample LMNO-3 at 2800 mA g −1 , the energy density was calculated as 303 Wh kg −1 , corresponding to a power density of 11.6 kW kg −1 , which suggests its promising application in high power lithium-ion batteries.
Conclusion
The LiNi 0.5 Mn 1.5 O 4 material was hydrothermally synthesized using MnSO 4 , NiSO 4 , ͑NH 4 ͒ 2 S 2 O 8 , and LiOH as the starting materials. The effects of the hydrothermal temperature, reaction time, and LiOH concentration on the hydrothermal products were investigated systematically. The LiOH concentration was confirmed as the crucial factor to form the 5 V spinel LiNi 0.5 Mn 1.5 O 4 . This is evident in the different products, MnOOH, 4 V spinel, 5 V spinel, and Li 2 MnO 3 being the main phases for the LiOH concentrations of 0.9, 1.0, 1.1, and 1.8 M, respectively. The hydrothermal temperature showed a slight effect on the formation of the spinels at 1.1 M LiOH, while it significantly affected those products at or below 0.9 M and at or above 1.3 M. It was observed that at 0.9 M LiOH, the hydrothermal products consist mainly of ␤-MnOOH and ␣-MnOOH at 180 and 250°C, respectively, while at 1.3 M, the main phases of as-prepared samples at 180 and 250°C are spinel and Li 2 MnO 3 materials, respectively. The changes of phase and morphology with the hydrothermal time confirmed that the hydrothermal products obey the dissolution-recrystallization mechanism of manganese oxides.
The as-obtained 5 V spinel material has a composition of Li 0.86 Ni 0.47 Mn 1.5 O 3.63 H 1.25 , with the protons existing in the form of substitution Li sites or crystal water. This 5 V spinel delivered ca. 100, 91, 74, and 73 mAh g −1 at current densities of 28, 140, 1400, and 2800 mA g −1 , respectively, indicating an excellent rate capability of the as-prepared 5 V spinel material.
